Abstract. We obtained N-band observations of the Apollo asteroid 2002 NY40 during its close Earth fly-by in August 2002 with TIMMI2 at the ESO 3.6 m telescope. The photometric measurement allowed us to derive a radiometric diameter of 0.28±0.03 km and an albedo of 0.34±0.06 through the near-Earth asteroid thermal model (NEATM) and a thermophysical model (TPM). The values are in agreement with results from radar data, visual and near-IR observations. In this first comparison between these two model approaches we found that the empirical NEATM beaming parameter η = 1.0 corresponds to a thermal inertia values of about 100 J m −2 s −0.5 K −1 for a typical range of surface roughness, assuming an equator-on viewing angle. Our TPM analysis indicated that the surface of 2002 NY40 consists of rocky material with a thin or no dust regolith. The asteroid very likely has a prograde sense of rotation with a cold terminator at the time of our observations. Although both model approaches can fit the thermal spectra taken at phase angles of 22
Introduction
The Apollo asteroid 2002 NY40 was discovered by LINEAR 1 (MPEC 2002-O17 2 ). It passed the Earth at 0.0035 AU, about 1.3 times the distance to the Moon, on August 18th, 2002. This event was closely followed by many amateur and professional observers at a large range of wavelengths from visible to radar. Pravec et al. (2004) found from 21 different observing sessions a main lightcurve period of P 1 = 19.98 ± 0.01 h with indications for a non-principal axis rotation with a non-unique but likely second period of P 2 = 18.43±0.01 h. The lightcurve shows sharp bends, indicating the presence of large non-convex shape features. Its mean absolute mag-nitude is H = 19.23 ± 0.2 mag, with variations between 18.9 mag for the lightcurve maximum and 19.8 mag at the secondary minimum (see Bowell et al. (1989) for a definition of the H-G system). Howell et al. (2003) presented radar images which show that 2002 NY40 looks like two spheroidal units joined together, but high resolution optical imaging showed no obvious evidence for a binary structure (H. Mathis 3 ).
0.3 to 4.0 µm spectroscopy revealed absorption bands at 1 and 2 µm due to olivine and pyroxene . The striking similarity with LL6 chondrites, a subset of ordinary chondrites, indicates that 2002 NY40 could be a progenitor of LL6 meteorites. Based on the visible spectrum, classified 2002 NY40 as Q-class asteroid, which is connected to a moderately high albedo of 20 -30 % (Clark et al. 2002) .
First size estimates were in the order of 700 m to 800 m diameter 3,4 , based on magnitude estimates from early astrometric measurements. Later on, adaptive optics systems lowered this number to an upper limit of 400 m at the time of the observation 5 . Radar data lead to a size estimate of about 250×420 m (E. Howell, personal communication) consistent with radiometric results ) from 2.5 µm observations. They also gave a possible albedo range of 0.15-0.25 with a slight preference for the higher value.
The radiometric method of diameter and albedo determination from thermal radiation measurements goes back to the early 1970s (references are given in e.g., Morrison & Lebofsky 1979) . A widespread version of this technique, the Standard Thermal Model (STM), was published by Lebofsky et al. (1986) and discussed by e.g., Lebofsky & Spencer (1989) . The STM uses an empirical beaming parameter η, which was introduced to adjust the sub-solar surface temperature and to account for non-isotropic heat radiation (Lebofsky et al. 1989 ). The STM is strongly connected to the IRAS minor planet catalogue (Tedesco et al. 2002) , with more than 2000 diameter and albedo values derived from thermal observations. Morrison (1976) and Cruikshank & Jones (1977) applied this technique for the first time to near-Earth asteroids (NEA). However, very early on Lebofsky et al. (1979) and Veeder et al. (1989) encountered problems when applying the STM to NEAs. They found in several cases albedos which were too high to be consistent with previous taxonomic classifications.
In recent years, Harris (1998) and Delbó & Harris (2002) focused on the improvement of the radiometric technique for NEAs, resulting in the NEA thermal model (NEATM). The NEATM also incorporates a beaming parameter η, but now it is used as a variable which has to be adjusted to produce a fit to the spectral data. Harris (1998) , Harris et al. (1998) and Delbó et al. (2003) applied the NEATM successfully to thermal N-and Q-band observations of a large number of NEAs. Harris & Davies (1999) presented spectrophotometric observations of 3 NEAs and discussed the implications for their physical characterisation.
A thermophysical model (TPM) was developed by Lagerros (1996; 1997; . A number of physical processes were introduced in this model. Instead of the empirical correction parameters, like the phase angle correction in the STM or the beaming parameter in the STM and NEATM, the TPM takes the true illumination and observing geometry into account and calculates the heat conduction into the surface. The non-isotropic emission, caused by the distribution of surface slopes, shadows, multiple scattering and mutual heating, is described by a 2-parameter beaming model with f , the fraction of the surface covered by craters, and ρ, the r.m.s. of the surface slopes. The TPM, as well as the STM, were mainly used for main-belt asteroids. It allows detailed thermophysical studies of individual asteroids (e.g., Müller & Lagerros 1998 ) and predicts for well-known asteroids the thermal flux with high accuracy (Müller & Lagerros 2002) . Müller (2002) investigated the capabilities and limitations of the TPM in the context of NEA thermal observations.
Here we present N-band photometric and spectroscopic observations (Sect. 2). The interpretation of our 2002 NY40 observations was for the first time done with a combined NEATM and TPM approach (Sect. 3). We discuss the results of our analysis in Sect. 4. Using the case of 2002 NY40 as an example, we also demonstrate the possibilities and limitations of applying thermal models to asteroids during close Earth fly-bys.
Observations and Data Reduction
The 2002 NY40 observations were taken with the TIMMI2 instrument (Käufl et al. 2003) at the ESO La Silla 3.6 m telescope. For all observations we utilized a standard chopping and nodding technique to reduce the atmospheric and telescope background emission. Chop and nod throws were 10 ′′ , respectively. For the imaging observations, a pixel scale of 0.2 ′′ was chosen, and typical on source integration times of about 1 minute for each filter were used. Exposure times for the low-resolution spectrum (resolution ∼160) were between 90 and 220 sec.
The weather conditions were never ideal and parts of the two nights were affected by clouds. Table 1 contains only the good quality measurements together with the observing geometries.
The photometric N1-band flux was calibrated against measurements of HD 187642 and HD 12929. Colour differences between stars and 2002 NY40 were negligible (about 1-3 %). For observation No. 4 in Table. 1 we obtained through standard aperture photometry a calibrated 8.6 µm flux density of 22.2±1.6 Jy.
TIMMI2 spectroscopic data were reduced and analysed using procedures described by Siebenmorgen et al. (2004) , including an airmass dependent extinction correction according to Schütz & Sterzik (2004) . The absolute flux level of TIMMI2 spectroscopic measurements is generally better than 5 % (Kämpgen & Siebenmorgen 2004 ). However, our data are not as reliable mainly due to the fast speed of 2002 NY40 in combination with small slit sizes. Therefore, we normalised the spectra from August 18th to the N1 flux density. The spectra from the first day were normalised to a model flux (see Sect. 3). The spectra are shown in Figs. 1 and 2 . The spectral shape is reliable in the range between about 8 and 13 µm. Table 1 ). It was spectroscopically calibrated against HD 133774 and against HD 187642 and then averaged. The 1 σ-error bar represents the signal processing error together with the 1 σ-average error (on the right side). The residual atmospheric features (Ozone around 9.58±0.3 µm and CO 2 around 11.73 and 12.55 µm) were cut out. The spectra were normalised to a NEATM (η = 1.0) prediction at 8.6 µm for the given observing epoch.
Thermal Modelling
We applied the NEATM to determine radiometric diameter and albedo values from our N1-band photometric flux. For the beaming value we used η = 1.5, as recommended by Delbó et al. (2003) for phase angles larger than 45
• . As asteroid intrinsic input parameters we took an absolute magnitude of H = 19.6±0.2 mag and a slope parameter G = 0.15 ± 0.20, based on an estimated extrapolation from 21 lightcurve observations between end of July and August 16th, 2002. The H-estimates for August 17th are much more accurate, but unfortunately our thermal photometry was not reliable for that day. Our observations of Table 1 ), both calibrated against HD 187642. The error bar was calculated in the same way as for Fig. 1 . The residual atmospheric features were cut out and the spectra were normalised to the N1-band photometric flux.
August 18th took place about 1 hour after the lightcurve minimum (J. Licandro, personal communication).
The constraints from the optical and thermal measurements can be graphically shown (e.g., Sekiguchi et al. 2003 ) with respect to the NEATM assumptions and formulae (e.g., Delbó & Harris 2002) . Our NEATM analysis resulted in an effective diameter of 0.27±0.01 km and an albedo value of 0.34 + 0.06/ − 0.05 (Fig. 3) . Fig. 3 . NEATM analysis of the N1-band photometric flux. The H-estimate is relatively uncertain and propagates mainly into the uncertainty of p V , while the D ef f uncertainty is dominated by the thermal flux which is relatively accurate. The D ef f and p V results are connected to the assumption that the model does not introduce a systematic error.
Based on these values, we determined a NEATM 8.6 µm flux density of 5.9 ± 0.8 Jy for the August 17th spectra, which we used for normalisation (see Fig. 1 ). This NEATM prediction is based on the Delbó et al. (2003) recommendation to take a value of η = 1.0 for data taken at phase angles below 45
• . For both days we calculated spectral energy distributions for the mean epochs of the N-band spectra through the STM, the Fast Rotating Model (FRM; e.g., Lebofsky & Spencer 1989 ) and the NEATM with η = 1.0 and η = 1.5. A nice summary of all formulae can be found in Delbó & Harris (2002) . The model predictions are shown in Figs. 1 and 2 .
We also applied the TPM by Lagerros (1996; 1997; to our observations. We assumed a spherical asteroid with an equator-on viewing angle under the given phase angle and a prograde rotation with P sid = 19.98 hours (Pravec et al. 2004 ). Müller et al. (1999) derived f = 0.6 and ρ = 0.7 for large regolith-covered main-belt asteroids. In addition, wee included a relatively smooth surface with a low crater coverage (f = 0.4, ρ = 0.4) and a very rough surface with 100 % crater coverage (f = 1.0, ρ = 1.0), similar to the studies by Dotto et al. (2000) and Müller (2002) . For the emissivity, we used a constant, wavelengthindependent value of 0.9.
The thermal behaviour of asteroids is strongly coupled to the thermal inertia Γ, in combination with the orientation of the body in space, its rotation period and the sense of rotation. A high Γ combined with a rapid rotation (sub-solar and sub-observer points on the equator) would lead to a surface temperature distribution described by the FRM. A non-rotating, low Γ object would correspond to the STM temperature distribution. Here, we varied Γ between 10 (regolith covered surface at about 100 K) and 2500 J m −2 s −0.5 K −1 (solid rock; Jakosky 1986). In order to obtain a similar diameter and albedo value as produced by the NEATM calculations, we had to use a high Γ value of about 1000 J m −2 s −0.5 K −1 . With these values we obtained a TPM diameter of 0.28±0.03 km and an albedo of 0.35±0.02. The errors include the uncertainties in the measured flux density, the given H-G variations, the above specified range of (ρ,f)-values and a 20 % variation in Γ.
In Table 2 , we summarise the radiometric diameter and albedo values for different models applied to observation No. 4 (Table 1) . As a combined NEATM/TPM result we took D ef f = 0.28 ± 0.03 and p V = 0.34 ± 0.06. Table 2 ) produced diameters below or at the lower end of these numbers, while the albedo was in all cases 0.29 or larger.
Discussion
The STM of Lebofsky et al. (1986) has a phase angle correction of β E = 0.01 mag deg −1 , which is considered to be a good approximation for phase angles ≤ 30
• (Morrison 1977) . For our photometry at 59
• it is therefore not a good option. The resulting diameter and albedo values are extreme and far away from the radar size or the albedo of a Q-class asteroid. The STM fit to the spectral slope is as-toundingly good, only for the August 18th data the STM prediction falls slightly below the NEATM prediction.
The FRM led to an acceptable agreement with the radar data. But the FRM did not match the spectral shape of the two spectroscopic data sets (Figs. 1 and 2) .
The NEATM (η = 1.5) and the TPM (Γ = 1000) produced solutions which are comparable to the radar size, but again they cannot match the observed SEDs. On the other hand, a NEATM with η = 1.0 or a TPM with Γ = 100 match the spectra, but produce an unrealistically small diameter of about 220-230 m and a very high albedo above 0.50. We do not have a convincing explanation for this, but with only one reliable photometric flux it is difficult to find a solution, unless 2002 NY40 turns out to be a small, very high albedo object. It might also be that strong deviations from a spherical shape seen under the large phase angle of 58.37
• cause thermal effects which are difficult to model. On the other hand, one set of model parameters fits all spectra, although they were taken at very different phase angles. This is true for the NEATM and the TPM.
The NEATM 8.6 µm prediction for the spectra of the first day are 5.9 Jy (η = 1.0) and 3.6 Jy (η = 1.5). The corresponding TPM calculations (taking also the NEATM diameter and albedo) give 6.8 Jy (Γ = 100) and 4.1 Jy (Γ = 1000). A reliable photometry for this day would therefore indicate which of the models has the better simulation of the thermal phase angle effects.
We cannot confirm a phase angle trend on the beaming parameter as proposed by Delbó et al. (2003) . A NEATM solution with η = 1.0 fits the spectra of both days at phase angles of about 22
• and 59
• . The Γ-value is very crucial for our TPM analysis. A value of Γ = 15 J m −2 s −0.5 K −1 , as it was used for regolith-covered main-belt asteroids (Müller et al. 1999 ), leads to a very small diameter and an albedo of about 0.6. Taking the lunar soil value of Γ = 39 J m −2 s −0.5 K −1 (Keihm 1984) does not improve the situation much. Only large Γ-values in the order of 1000 J m −2 s −0.5 K −1 give reasonable results. However, such a large value can only be the case if 2002 NY40 has a surface with no or little regolith. A dust layer on the surface would always produce much lower thermal inertias.
Through a TPM analysis it is also possible to investigate the sense of rotation (e.g., Müller 2002) . We assumed a prograde rotator meaning that the terminator is coming from the cold night side of the asteroid on August 18th. Taking a retrograde rotator, with the terminator coming from the warm day side, would require a Γ-value of about 3000 J m −2 s −0.5 K −1 to obtain a diameter similar to the radar diameter. Such value would be greater than the value for solid rock (Jakosky 1986 ) and therefore not very likely. Again, with only one reliable flux it is difficult to obtain a final conclusion, but the TPM analysis points to a prograde rotator with a cold terminator after opposition. This result will also be useful in case of a possible ambiguous solution of its pole orientation in the future.
The TPM curves in Fig. 4 demonstrate that the beaming model, expressed in ρ and f , has no big influence on the 8 to 13 µm predictions. Distinguishing between a very rough, cratered surface with pronounced thermal beaming effect and a relatively smooth surface with no enhanced radiation at small phase angles was therefore not possible for our data set. But the beaming does influence the flux differences between two phase angles (see also Müller 2002) . Thermal observations with a good coverage in phase angle in combination with a few additional spectra would give the possibility to determine Γ and indicate if the asteroid has a rough, cratered and therefore old surface or a relatively smooth, young surface. identified olivine and pyroxene in the near-IR spectra. The most diagnostic feature in the N-band is the Christiansen peak. It is associated with the principal molecular vibration band where the refractive index changes rapidly. For silicates it appears generally as peak between 7.5 and 9.5 µm (Dotto et al. 2002) . We did not see any prominent increase in emittance in this range. The feature might have been just outside the reliable wavelength range or the quality of the spectra was not sufficient to identify silicate features.
Conclusion
Guided by the radar size, we found that both the NEATM with η = 1.5 and the TPM with Γ = 1000 ± 200 J m −2 s −0.5 K −1 produce consistent effective diameter values of 0.28±0.03 km for the time of the N-band photometric observation. The corresponding geometric albedo is 0.34±0.06.
Neither of the two model solutions give a satisfying match to the spectra obtained in two observing sessions, separated by slightly more than one rotation period. A match of the spectra required either a NEATM with η = 1.0 or a TPM with a thermal inertia in the order of 100 J m −2 s −0.5 K −1 . No phase angle dependence of the NEATM η-parameter can be seen in our data.
The TPM analysis excluded a dust-covered surface and pointed towards a bare rock surface or a very coarse regolith. We obtained reasonable values for the thermal inertia, the diameter and albedo, but only assuming a prograde rotation. This means that we saw a cold terminator during the observations which took place when 2002 NY40 was just after opposition, but before its closest Earthapproach.
The example of 2002 NY40 shows the different possibilities to analyse thermal observations of NEAs through the NEATM and the TPM. A carefully planned observing campaign under photometric conditions and covering a wide range in solar phase angle (without large changes in the aspect angles) are ideal for this kind of investigations. High quality photometric fluxes are the key to distinguish between different model approaches, but a good coverage in visual lightcurves is also required to determine H-/Gvalues and the orientation of the object at the time of the thermal observations. Additional calibrated N-band spec-tra allow for estimates of the thermal inertia to prove the existence of a dust regolith and the sense of rotation. The 
